Aspects of Semiclassical Strings in AdS$_5$ by Mandal, Gautam et al.
ar
X
iv
:h
ep
-th
/0
20
61
03
v2
  1
4 
Ju
n 
20
02
Preprint typeset in JHEP style. - HYPER VERSION hep-th/0206103
TIFR/TH/02-20
DAMTP-2002-71
Aspects of Semiclassical Strings in AdS5
Gautam Mandal†, Nemani V. Suryanarayana‡ and Spenta R. Wadia†
†Tata Institute of Fundamental Research
Homi Bhabha Road, Mumbai 400 005, India
‡DAMTP, Centre for Mathematical Sciences,
Wilberforce Road, Cambridge CB3 0WA, UK
e-mail: mandal@theory.tifr.res.in, v.s.nemani@damtp.cam.ac.uk,
wadia@theory.tifr.res.in
Abstract: We find an infinite number of conserved currents and charges in the semiclassical
limit λ→∞ of string theory in AdS5 × S5 and remark on their relevance to conserved charges
in the dual gauge theory. We establish a general procedure of exploring the semiclassical limit
by viewing the classical motion as collective motion in the relevant part of the configuration
space. We illustrate the procedure for semiclassical expansion around solutions of string theory
on AdS5 × (S5/ZM ).
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1. Introduction
Recently string propagation in pp-wave backgrounds has attracted much interest [12–14]. One
of the attractive features of this background is that the tree level string theory is exactly soluble
in the Green-Schwarz formalism [15, 16]. In a parallel development Berenstein, Maldacena and
Nastase (BMN) [17] presented a derivation of the tree level string theory starting from the dual
SYM theory. In fact despite various efforts over the past 25 years [39–49] this is the first time a
precise derivation of critical string theory (in a given background) has been given from a gauge
theory. We also see how a spacetime background arises from a gauge theory.
Subsequently there has been work along the lines of BMN in generalizing to strings prop-
agating in various spaces related to AdS5 × S5 [18] where a similar analysis was done for open
strings. For other related developments see [20–38].
In another interesting development Gubser, Klebanov and Polyakov (GKP) [9] proposed to
explore time dependent soliton solutions of the sigma model on AdS5×S5 and their relation to
specific sectors of the dual gauge theory. For example a collapsed string moving on the great
circle of S5 with angular velocity ω corresponds as expected to a chiral primary state in the
gauge theory with a large value of the R-charge: J =
√
λω, where λ is the ’tHooft coupling:
λ = g2YMN . In the semi-classical limit we send N → ∞, holding g2YM small and fixed. They
also explored various other soliton solutions corresponding to a spinning string in AdS5. These
solutions were generalised in [10, 19, 29]. These solitons do not correspond to chiral primary
states and the precise theory needs further exploration.
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Our work is an attempt to explore further the GKP proposal. There are two aspects to this
paper. First, a formal aspect points out that the sigma models under question have an infinite
number of classical conserved currents [3–5]. We point out the relevance of the conserved charges
to the classical string theory.
The second aspect of the paper deals with the orbifold AdS5 × S5/ZM . The Penrose limit
of this model has been discussed in [24] and the gauge theory correspondence has been studied
in [11]. We detail the analysis of the fluctuations around the soliton in AdS5 × S5/ZM and
reproduce the string propagating in a pp-wave geometry with a compact light like circle. In
doing this analysis we develop a general procedure of exploring the semiclassical limit by viewing
the classical motion as collective motion in the relevant part of the configuration space.
Below, in Section 2, we review the relevant aspects of the string sigma model on AdS5×S5
background [1,2]. In Section 3 we turn to the conserved currents of the non-linear sigma model
following [4] and discuss their relevance to string theory for worldsheet solitons. In Section 4,
we present a solitonic solution of the sigma model on the orbifold AdS5 × S5/ZM and describe
its quantization in a semiclassical expansion using the method of collective coordinates. The
spectrum corresponds to that of a winding string propagating in the pp-wave geometry of [11,24].
2. String theory on AdS5 × S5
Here we start with a brief review of the relevant aspects of string sigma model on AdS5 × S5
background. We represent the metric on AdS5 × S5 by the line element
ds2 = R2 (dNαdN
α + dnadn
a) (2.1)
where Nα represents a “timelike” unit vector in R2,4:
−ηαβNαNβ = N20 +N25 −N21 −N22 −N23 −N24 = 1 (2.2)
and na is a unit vector in R
6:
n21 + n
2
2 + n
2
3 + n
2
4 + n
2
5 + n
2
6 = 1. (2.3)
The bosonic part of the world-sheet action of string theory in the above space is [1, 2]
S = − R
2
4πα′
∫
d2ξ
√
ggµν [∂µN
α∂νNα + ∂µn
a∂νn
a] (2.4)
where we have omitted the fermionic terms (which include the RR couplings). The fermionic
terms are of course crucial for a consistent quantum string theory. However, it is clear that for
classical solutions of the string world-sheet action, it suffices to set the fermions to zero and
consider only the bosonic terms in the action. We have also chosen to work with a Minkowski
world sheet. As in [9] we will use the notation
α = α′/R2
2
and understand α → 0 as the classical limit. The ’tHooft coupling of the dual gauge theory is
given by
λ ∼ R4/(α′)2 = 1/α2.
After fixing the conformal gauge on the metric [1]
√
ggµν = ηµν = Diag[−1, 1], the action
becomes a sum of non-linear sigma models on S5 and AdS5 in two-dimensional Minkowski space:
S = − R
2
4πα′
∫
d2ξ [∂µN
α∂µNα + ∂µn
a∂µna] (2.5)
which comes together with two constraints T++ = T−− = 0. These read
∂+N
α∂+Nα + ∂+n
a∂+n
a = 0
∂−n
a∂−n
a + ∂−N
α∂−Nα = 0 (2.6)
In the above equations, ∂± =
∂
∂σ± , σ
± = 1
2
(τ ± σ). The action (2.5) leads to the following
equations of motion:
∂2na = nanb∂2nb, (2.7)
∂2Nα = −NαNβ∂2Nβ (2.8)
We should note that at the classical level, the system (2.5) is conformally invariant.
3. Infinite number of conserved currents
Luscher and Pohlmeyer [4] (see also [5]) show that for a classical non-linear sigma model, namely
one that satisfies (2.3) and (2.7), there are infinite number of (non-local) conserved currents Jnµ
in the system:
∂µJ
µ
n = 0 (3.1)
The discussion in the above papers assumes that the NLSM is defined on a plane while the string
theory world-sheet is usually a cylinder. This is not a problem; since the theory classically is
conformally invariant, we can make a conformal transformation from a cylinder to a plane to
use the results of [4, 5].
These currents are constructed recursively. From a Jµn satisfying (3.1), it is always possible
to define χn so that
Jn,µ =: ǫµν∂
νχn (3.2)
Define, further,
(Aµ)ab = na∂µnb − nb∂µna (3.3)
Then, the n+ 1-th current is
Jn+1,µ := (∂µ +Aµ)χn (3.4)
Note that equation (2.7) implies ∂µAµ = 0. Thus we can start with J
1
µ = Aµ, (χ0 = 1) and so
on.
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A similar remark goes through also for the non-linear sigma-model based on AdS5 and one
can again, independently, construct an infinite number of conserved currents.
At this point, one must note that the equations of motion (2.7) and (2.8) are constrained
together by (2.6). Then how does our above construction of infinite number of conserved currents
remain valid? After all, we are doing string theory here as opposed to a non-linear sigma model.
This turns out to have an easy answer. The constraints are first class, so they can in principle
be gauge-fixed. However, even without gauge fixing, it is easy to see that the equations of motion
will be always valid (it only amounts to redundancy in the description of dynamical evolution).
Thus, the construction of the conserved currents that we have described above remains valid.
Indeed, the argument can be made differently. Suppose we have fixed the gauge; then on the
gauge-fixed surface also the equations of motion will remain valid, and hence the construction
of the conserved currents. Thus we do have an infinite number of conserved currents in string
theory.
3.1 Spacetime significance of these charges
We found above that there are infinite number of classically conserved currents in the AdS5×S5
string theory. How about charges? For Minkowski signature of the world-sheet, it is easy to fix
a partial gauge τ = t. In this case the infinite number of conserved currents gives rise to an
infinite number of conserved charges, which are conserved also in time in the target space. We
note that typically global charges in the world-sheet theory correspond to a local symmetry in
the target space, which, in turn, corresponds to global charges in the dual gauge theory.
The above discussion would imply that the dual N = 4 super Yang Mills theory has an
infinite number of conserved, perhaps nonlocal, charges in the classical limit λ → ∞ (note
that the time in the string theory is the same as that of the gauge theory). In this paper we
will not discuss the rather important question of what happens to these conserved charges at
λ < ∞, in particular whether the conservation laws have anomalies. This issue is somewhat
more subtle in string theory compared to usual NLSM because of the inclusion of fermionic
terms in the currents in the quantum theory. It is also important to note that the existence of
such integrable structures has been hinted at in [6] at the opposite limit λ → 0. It would be
obviously interesting to unravel any such integrable structure at a general λ (see Figure 1).
λ = 0 λ =∞λ
• ✲
Integrable Integrable?
Figure 1
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3.2 AdS3 × S3
From the viewpoint of integrability, string theory on AdS3 × S3 appears to be easier. Since S3
is a group manifold, more is known about its integrable structure and exact solutions. Besides,
it is also known that there are additional world-sheet charges which are local [7]. Furthermore,
there seems to be a rather direct correspondence between the current algebra on the world-sheet
and a corresponding current algebra in spacetime [8]. We hope to return to these issues and its
significance for the dual CFT in a future publication.
4. String Solitons on AdS5 × S5/ZM
In the second half of the paper we want to report on semiclassical solutions of string theory on
AdS5×S5/ZM orbifold. Part of our motivation is to share some insights on the general method
of dealing with such semiclassical limits which applies to more general manifolds and of course
to the original AdS5 × S5 string theory as well. We seek a solution of the sigma model, in the
spirit of [9], which sees the pp-wave geometry of [24]. The dual gauge theory was discussed
in [11].
We recall that the metric of AdS5 × S5 is given by (2.1),(2.3) and (2.2). We will use below
the following explicit representation for the unit vector Nα:
N0 = coshρ cost
N5 = coshρ sint
N j = sinhρΩj j = 1, .., 4 such that ΩjΩj = 1 (4.1)
With this,
ds2AdS5 = R
2[−cosh2ρ dt2 + dρ2 + sinh2ρ dΩ2] (4.2)
We will further use the following representation for the unit vector na
n1 + i n2 = z1 = sinβ e
iθ
n3 + i n4 = z2 = cosβ cosγ e
iχ
n5 + i n6 = z3 = cosβ sinγ e
iφ (4.3)
With this, the metric of S5 becomes:
ds2S5 = R
2[dβ2 + sin2β dθ2 + cos2β (dγ2 + cos2γ dχ2 + sin2γ dφ2)] (4.4)
Now we come to AdS5 × (S5/ZM ). The ZM orbifold action on S5 is defined by
z1 → z1, z2 → e2pii/Mz2, z3 → e−2pii/Mz3 (4.5)
As shown in [50], this implies that χ, φ in (4.3) can be written in terms of usual 2π-periodic
angles as
χ = η/M
φ = −η/M + ζ
η ≡ η + 2π, ζ ≡ ζ + 2π (4.6)
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In other words (4.5) imply the following identifications for φ, χ
χ ≡ χ+ 2π
M
.integer
φ ≡ φ+ 2π.integer − 2π
M
.integer (4.7)
4.1 Semiclassical limit
The string theory action (2.5) on AdS5 × (S5/ZM ), comprising the bosonic terms, is given by
S = − R
2
4πα′
∫
d2σ
[
− cosh2 ρ(∂t)2 + (∂ρ)2 + sinh2 ρ(∂Ω)2+
sin2 β(∂θ)2 + (∂β)2 + cos2 β
(
(∂γ)2 + cos2 γ(∂χ)2 + sin2 γ(∂φ)2
)]
(4.8)
where the identifications (4.7) are understood. (∂ρ)2 means −(∂τρ)2 + (∂σρ)2 etc. The range of
σ is [0, 2π] and of τ is (−∞,∞).
It is worth writing out the constraints (2.6) explicitly:
T++ = − cosh2 ρ(∂+t)2 + (∂+ρ)2 + sinh2 ρ(∂+Ω)2 + sin2 β(∂+θ)2 +
(∂+β)
2 + cos2 β
(
(∂+γ)
2 + cos2 γ(∂+χ)
2 + sin2 γ(∂+φ)
2
)
= 0
T−− = − cosh2 ρ(∂−t)2 + (∂−ρ)2 + sinh2 ρ(∂−Ω)2 + sin2 β(∂−θ)2 +
(∂−β)
2 + cos2 β
(
(∂−γ)
2 + cos2 γ(∂−χ)
2 + sin2 γ(∂−φ)
2
)
= 0 (4.9)
Now we seek a solution of the equations of motion (2.7),(2.8) and constraint equations (4.9)
above.
4.1.1 Collective coordinates
We note that since ∂∂t ,
∂
∂χ are isometries of AdS5 × S5 (and of the orbifold), any solution(
na(t(τ, σ), ρ(τ, σ), . . .), N
α(χ(τ, σ), β(τ, σ), . . .)
)
of the above equations of motion and con-
straints will have the following shift symmetry
(
na(t(τ, σ), ρ(τ, σ), . . .), N
α(χ(τ, σ, β(τ, σ), . . .)
)
→(
na(t(τ, σ) + a, ρ(τ, σ), . . .), N
α(χ(τ, σ) + b, β(τ, σ), . . .)
)
(4.10)
We will further assume that we are considering solutions satisfying ρ = 0, β = 0 (solutions
localized near the centre of AdS5, and close to an equator of S
5).
As is well-known [51], to take care of the dynamics along the shift directions we can elevate
the parameters a, b to functions of τ ; these are called collective coordinates. Instead of calling
these functions a(τ), b(τ) we will permit ourselves an abuse of notation, calling them t(τ), χ(τ).
The collective coordinate action is easily seen to be
Scoll
α
=
1
α
∫
dτ
[
(χ˙)2 − (t˙)2
]
, α ≡ α′/R2 (4.11)
The constraints (4.9) become
(χ˙)2 − (t˙)2 = 4χ˙+χ˙− = 0 (4.12)
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where we have introduced
χ± =
1
2
(χ± t) (4.13)
The canonical Hamiltonian
H =
1
4
P+P− (4.14)
vanishes because of the constraint. Here
P+ =
4
χ˙+
, P− =
4
α
χ˙− (4.15)
are the canonical momenta. We have treated α as an effective h¯.
The constraint can be made to vanish either by choosing P− = 0 or P+ = 0. We will choose
the branch P− = 0. As usual, the constraint generates redundant motion. This can be fixed by
an appropriate gauge choice. We will choose the gauge
χ− = 0. (4.16)
This, together with the constraint P− = 0, become a pair of second-class constraints.
The quantization of this system is simple. The wavefunctions of the system which satisfies
the constraint are of the form
ψ(t, χ) = exp[iP+χ
+/α] (4.17)
Eqns. (4.7) imply the following identification for χ±:
χ+ ≡ χ+ + 2π/M, χ− ≡ χ− + 2π/M, (4.18)
which in turn quantizes P+:
P+ = α.k.M, k = integer (4.19)
Quantized geodesic
The quantum mechanical wavefunction (4.17), together with the gauge (4.16) is equivalent
to the following classical trajectory in the sigma-model path integral (quantized as above)
χ = t = wτ,
ρ = 0, β = 0 (4.20)
This represents a spinning particle in the χ direction in S5. The quantization (4.19), through
(4.15) and (4.20) implies
w = α.k.M = k.α′M/R2 (4.21)
It can be easily checked that the constraints (4.9) are satisfied, as we anyway ensured in the
discussion of the collective coordinate dynamics.
Thus we see that the classical solution can be consistently discussed only in the framework
of collective coordinates since it involves 1/α = 1/h¯ effects.
In view of Eqn. (4.21) we note already that the semiclassical limit α = α′/R2 → 0 is
meaningful only if M is also sent to infinity in such a way that
α→ 0,M →∞, R2/(α′M) ≡ R− = fixed (4.22)
7
4.2 Fluctuations
We now consider the field-theory fluctuations orthogonal to the collective coordinate motion
(4.20).
We will make the gauge choice that the χ+ fluctuation vanishes:
δχ+ = 0
In other words the gauge is
χ+ = wτ (4.23)
With this, the constraints (4.9) enable us to solve for χ− in terms of the other eight variables
which we will treat as independent. One can easily check that the gauge (4.23) can be fixed.
The solvability of the dependent variable χ− in terms of the independent variables gives an
independent justification for the gauge choice (4.23).
In order to proceed, we will make a semiclassical expansion of the fluctuations in powers
of
√
α. It is easy to see that in order to have canonically normalized kinetic terms for the
independent variables, we need (since these variables were zero for the collective motion, we will
not explicitly write δρ etc. and write ρ instead)
ρ =
√
αρ¯
Ω = Ω¯
β =
√
αβ¯
φ = φ¯
θ = θ¯
γ =
√
αγ¯ (4.24)
In view of the classical value (4.16) and the difference of the two constraints in (4.9), it is clear
that that the dependent variable χ− starts with
χ− = αχ¯
−, χ¯− = F (ρ¯, Ω¯, . . .) (4.25)
This equation resolves an important subtlety. Note that (4.18) appears to be problematic in the
limit (4.22). However, the fact that (see (4.25)) χ− turns out of order α = α′/R2 resolves this
problem. In other words, (4.18) means that the periodicity of χ¯− is
χ¯− ≡ χ¯− + 2π.m/(Mα) = 2π.mR−, m = integer (4.26)
so that the period is of order one. We have used above the scaling (4.22). This is consistent with
the second equation of (4.25) where χ¯− is determined in terms of scaled quantities and hence of
order one.
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4.2.1 Explicit details of fluctuation calculation
With the expansions given in (4.24), the constraints (4.9) become, upto o(α),
T++ = 4∂+χ
+∂+χ
− + α
[
(∂+~r)
2 + (∂+~y)
2 − w2(~r2 + ~y2)
]
= 0
T−− = 4∂−χ
+∂−χ
− + α
[
(∂−~r)
2 + (∂−~y)
2 − w2(~r2 + ~y2)
]
= 0 (4.27)
where ~r = (r1, r2, r3, r4), ~y = (y1, y2, y3, y4) are defined as follows
ri = ρ¯Ωi,
(y1, y2) = β¯(cos θ¯, sin θ¯), (y3, y4) = γ¯(cos φ¯, sin φ¯) (4.28)
We note that the periodicity of φ ≡ φ¯ becomes standard in the M →∞ limit (see Eqn. (4.7)).
This ensures that (y3, y4) represent a plane just like (y1, y2).
By using the gauge condition (4.23) we clearly see from the above constraints that χ− must
be O(α), as written earlier in (4.25). Using the gauge condition (4.23) and taking the difference
of the two constraints we get
∂τ χ¯
− = − 1
4w
[
(∂τ~r)
2 + (∂σ~r)
2 + (∂τ~y)
2 + (∂σ~y)
2 − w2(~r2 + ~y2)
]
(4.29)
∂σχ¯
− = − 1
4w
[∂τ~r.∂σ~r + ∂τ~y.∂σ~y] (4.30)
Integrating (4.30), using χ¯−(2π) − χ−(0) = 2π.m.R− according to (4.26), and the value of w
from (4.21), we get
4km+
1
2π
∫
2pi
0
dσ [∂τ~r.∂σ~r + ∂τ~y.∂σ~y] = 0 (4.31)
This gives the level matching condition of the string theory.
The Eqn. (4.29) can be used to determine both the charges corresponding to the isometries
∂/∂t, ∂/∂χ, namely the energy E and the angular momentum J (and consequently E − J), as
follows. It is easy to see, e.g. by using the Noether prescription, that E and J are given by
E =
1
2πα
∫
2pi
0
dσ cosh2 ρ ∂τ t
J =
1
2πα
∫
2pi
0
dσ cos2 β cos2 γ ∂τχ (4.32)
By using the expansions (4.24) and (4.29), we get for E − J
E − J = 1
2w
∫
2pi
0
dσ
[
(∂τ~r)
2 + (∂σ~r)
2 + (∂τ~y)
2 + (∂σ~y)
2 + w2(~r2 + ~y2)
]
(4.33)
This gives the spectrum of anomalous dimensions (∆, which equals E) in the dual gauge theory
[17].
Fermions
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We should remark that at this order of fluctuations we should include fermions. It follows
from considerations of supersymmetry that the eigenvalues of the energy and angular momentum
described above remain the same, however the spectrum becomes supersymmetric.
Other examples
It is clear from the preceding discussion that our methods are rather general and can be
easily applied to other orbifolds of AdS5 × S5, in particular the ones involving S5/(ZM × ZM ′)
which preserve N = 1 supersymmetry. Note that the continuous isometries of such spaces are
the same as those of AdS5 × S5.
Acknowledgments
We are happy to acknowledge discussions with L. Alvarez-Gaume, C. Bachas, J. Gauntlett, R.
Gopakumar, M.B. Green, C. Hull, S. Minwalla, C. Nunez and A.K. Raina. S.R.W. would like to
acknowledge the Isaac Newton Institute for Mathematical Sciences and Theory Division, CERN
for hospitality where part of this work was done. N.V.S is supported by PPARC Research
Assistantship.
10
References
[1] R. R. Metsaev and A. A. Tseytlin, “Type IIB superstring action in AdS(5) x S(5) background,”
Nucl. Phys. B 533, 109 (1998) [arXiv:hep-th/9805028]. “Superstring action in AdS(5) x S(5): kappa-
symmetry light cone gauge,” Phys. Rev. D 63, 046002 (2001) [arXiv:hep-th/0007036].
[2] N. Berkovits, “Super-Poincare covariant quantization of the superstring,” JHEP 0004, 018 (2000)
[arXiv:hep-th/0001035].
[3] K. Pohlmeyer, “Integrable Hamiltonian Systems And Interactions Through Quadratic Constraints,”
Commun. Math. Phys. 46, 207 (1976).
[4] M. Luscher and K. Pohlmeyer, “Scattering Of Massless Lumps And Nonlocal Charges In The Two-
Dimensional Classical Nonlinear Sigma Model,” Nucl. Phys. B 137, 46 (1978).
[5] E. Brezin, C. Itzykson, J. Zinn-Justin and J. B. Zuber, “Remarks About The Existence Of Nonlocal
Charges In Two-Dimensional Models,” Phys. Lett. B 82 (1979) 442.
[6] E. Witten, talk given at California Institute of Technology, Nov. 3-4, 2001, in a meeting to celebrate
60 years of J. Schwarz, http://quark.caltech.edu/jhs60/witten/
[7] J. M. Evans, M. Hassan, N. J. MacKay and A. J. Mountain, “Local conserved charges in principal
chiral models,” Nucl. Phys. B 561, 385 (1999) [arXiv:hep-th/9902008].
[8] A. Giveon, D. Kutasov and N. Seiberg, “Comments on string theory on AdS(3),” Adv. Theor. Math.
Phys. 2, 733 (1998) [arXiv:hep-th/9806194].
[9] S. S. Gubser, I. R. Klebanov, and A. M. Polyakov, “A Semiclassical Limit of the Gauge/String
Correspondence”, hep-th/0204051.
[10] S. Frolov and A. A. Tseytlin, “Semiclassical Quantization of Rotating Superstring in AdS5 × S5”,
hep-th/0204226.
[11] S. Mukhi, M. Rangamani, E. Verlinde, “Strings from Quivers, Membranes from Moose”, hep-
th/0204147, JHEP 0205, 023 (2002).
[12] M. Blau, J. Figueroa-O’Farrill, C. Hull and G. Papadopoulos, “A new maximally supersymmetric
background of IIB superstring theory,” JHEP 0201, 047 (2002) [arXiv:hep-th/0110242].
[13] M. Blau, J. Figueroa-O’Farrill, C. Hull and G. Papadopoulos, “Penrose limits and maximal super-
symmetry,” [arXiv:hep-th/0201081].
[14] M. Blau, J. Figueroa-O’Farrill and G. Papadopoulos, “Penrose limits, supergravity and brane dy-
namics,” [arXiv:hep-th/0201081].
[15] R. R. Metsaev, “Type IIB Green-Schwarz superstring in plane wave Ramond-Ramond background,”
Nucl. Phys. B 625, 70 (2002) [arXiv:hep-th/0112044].
[16] R. R. Metsaev and A. A. Tseytlin, “Exactly Solvable Model of Superstring in Ramond-Ramond Plane
Wave Background”, hep-th/0202109.
[17] D. Berenstein, J. M. Maldacena and H. Nastase, “Strings in Flat Space and PP Waves from N=4
Superyang-Mills”, JHEP 0204, 013 (2002 ), hep-th/0202021.
[18] D. Berenstein, E. Gava, J. M. Maldacena, H. Nastase and K. S. Narain, “Open Strings on Plane
Waves and Their Yang-Mills Duals”, hep-th/0203249.
11
[19] A. Armoni, J. L. F. Barbon and A. C. Petkou, “Orbiting Strings in AdS Black Holes and N=4 SYM
at Finite Temperature”, hep-th/0205280.
[20] N. Itzhaki, I. R. Klebanov and S. Mukhi, “PP Wave Limit and Enhanced Supersymmetry in Gauge
Theories”, JHEP 0203 048 (2002), hep-th/0202153.
[21] J. Gomis and H. Ooguri, “Penrose Limit of N = 1 Gauge Theories”, hep-th/0202157.
[22] J. G. Russo and A. A. Tseytlin, “On Solvable Models of Type 2B Superstring in NS-NS and R-R
Plane Wave Backgrounds”, JHEP 0204 021 (2002), hep-th/0202179.
[23] L. A. Pando Zayas and J. Sonnenschein, “On Penrose Limits and Gauge Theories”, JHEP 0205
010 (2002), hep-th/0202186.
[24] M. Alishahiha and M. M. Sheikh-Jabbari, “The PP Wave Limits of Orbifolded AdS5 × S5”, hep-
th/0203018.
[25] Nak-woo Kim, A. Pankiewicz, Soo-Jong Rey and S. Theisen, “Superstring on PP Wave Orbifold
from Large N Quiver Gauge Theory” hep-th/0203080.
[26] T. Takayanagi and S. Terashima, Strings on Orbifolded PP Waves”, hep-th/0203093.
[27] E. Floratos and Alex Kehagias, “Penrose Limits of Orbifolds and Orientifolds”,. hep-th/0203134.
[28] K. Oh and R. Tatar, Orbifolds, Penrose Limits and Supersymmetry Enhancement”, hep-th/0205067.
[29] J. G. Russo, “Anomalous Dimensions in Gauge Theories from Rotating Strings in AdS5 × S5”,
hep-th/0205244.
[30] V. E. Hubeny, M. Rangamani and E. Verlinde, “Penrose Limits and Nonlocal Theories”, hep-
th/0205258.
[31] M. Spradlin and A. Volovich, “Superstring Interactions in a PP Wave Background”, hep-th/0204146.
[32] C. Kristjansen, J. Plefka, G. W. Semenoff and M. Staudacher, “A New Double Scaling Limit of N=4
Super Yang-Mills Theory and PP Wave Strings”,. hep-th/0205033.
[33] D. Berenstein and H. Nastase, On Light Cone String Field Theory From Superyang-Mills and Holog-
raphy”, hep-th/0205048.
[34] D. J. Gross, A. Mikhailov and R. Roiban, arXiv:hep-th/0205066.
[35] N. R. Constable, D. Z. Freedman, M. Headrick, S. Minwalla, L. Motl, A. Postnikov and W. Skiba,
“PP Wave String Interactions from Perturbative Yang-Mills Theory”, hep-th/0205089.
[36] R. Gopakumar, “String interactions in PP-waves,” arXiv:hep-th/0205174.
[37] C.-S. Chu, P.-M. Ho and F.-L. Lin, “Cubic String Field Theory in PP Wave Background and Back-
ground Independent Moyal Structure”, hep-th/0205218.
[38] Y.-j. Kiem, Y.-b. Kim, S.-m. Lee and J.-m. Park, “PP Wave / Yang-Mills Correspondence: An
Explicit Check”, hep-th/0205279.
[39] G. ’t Hooft, “Planar Diagram Theory for Strong Interactions”, Nucl.Phys. B 72 461 (1974).
[40] A. M. Polyakov, “Gauge Fields As Rings Of Glue,” Nucl. Phys. B 164, 171 (1980).
[41] Y. M. Makeenko and A. A. Migdal, “Exact Equation for the Loop Average in Multicolor QCD”,
Phys.Lett.B 88 135 (1979).
12
[42] S. R. Wadia, “On the Dyson-Schwinger Equations Approach to the Large N Limit: Model Systems
and String Representation of Yang-Mills Theory”, Phys.Rev.D 24 970 (1981).
[43] See also references in E. Brezin and S. R. Wadia (Eds.) The large N expansion in quantum field
theory and statistical physics: from spin systems to 2-dimensional gravity, (World Scientific 1993).
[44] J. M. Maldacena, “The large N limit of superconformal field theories and supergravity,” Adv. Theor.
Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113 (1999)] [arXiv:hep-th/9711200].
[45] S. S. Gubser, I. R. Klebanov and A. M. Polyakov, “Gauge theory correlators from non-critical string
theory,” Phys. Lett. B 428, 105 (1998) [arXiv:hep-th/9802109].
[46] E. Witten, “Anti-de Sitter space and holography,” Adv. Theor. Math. Phys. 2, 253 (1998) [arXiv:hep-
th/9802150].
[47] J. M. Maldacena, “Wilson loops in large N field theories,” Phys. Rev. Lett. 80, 4859 (1998)
[arXiv:hep-th/9803002].
[48] E. Witten, “Anti-de Sitter space, thermal phase transition, and confinement in gauge theories,” Adv.
Theor. Math. Phys. 2, 505 (1998) [arXiv:hep-th/9803131].
[49] A. M. Polyakov and V. S. Rychkov, “Gauge fields - strings duality and the loop equation,” Nucl.
Phys. B 581, 116 (2000) [arXiv:hep-th/0002106].
[50] A. Fayyazuddin and D. J. Smith, “Warped AdS near-horizon geometry of completely localized
intersections of M5-branes,” JHEP 0010, 023 (2000) [arXiv:hep-th/0006060].
[51] J. L. Gervais and B. Sakita, “Extended Particles In Quantum Field Theories,” Phys. Rev. D 11,
2943 (1975).
13
